One hundred and nineteen strains of alkaliphilic and alkalitolerant, aerobic endospore-forming bacteria were examined for 47 physiological and biochemical characters, and DNA base composition. Numerical analysis (S, and SS&JPGMA clustering) revealed 11 clusters that comprised three or more strains. Most of the phena were further characterized by analysis of carbohydrate utilization profiles using the API 50CH system, but strains of two taxa could not be cultured by this method. DNA reassociation studies showed that nine of the phena were homogeneous, but strains of phenon 4 and phenon 8 were each subdivided into two DNA hydridization groups. The strains could therefore be classified into 13 taxa plus a number of unassigned single-membered clusters. Two taxa were equated with Bacillus cohnii and B. alcalophilus and nine of the remainder are proposed as new species with the following names: B. agaradhaemns sp. nov., B. clarkii sp. nov., B. clausii sp. nov., B. gibsonii sp. nov., B. halmapalus sp. nov, B. halodurans comb. nov., B. horikoshii sp. nov., B. pseudalcalophilus sp. nov. and B. pseudofirmus sp. nov. Two taxa were insufficiently distinct to allow confident identification and these have therefore not been proposed as new species.
INTRODUCTION
During an attempt to improve the enrichment medium for Vibriu chulerae, Vedder (1 934) isolated aerobic, endospore-forming bacteria from human faeces, and later from animal faeces, which proved to be obligately alkaliphilic organisms (defined as a pH optimum for growth above pH 9 and no growth at pH 7). He proposed the name Bacilhs alcaluphilxr for his strains and stated that he had been able to prove that life exists which not only tolerates, but depends on, a highly alkaline pH. Today, these and other alkaliphilic Bacilh strains are of considerable industrial interest, particularly for the production of enzymes such as proteases for inclusion in laundry detergents (Aunstrup e t al., 1972) , xylanases for use in the pulp paper industry (Nakamura e t al., 1993) and cyclodextrin glucanotransferase for cyclodextrin manufacture from starch (Kitamoto e t al., 1992) . These industrial applications have prompted the isolation of strains from a variety of alkaline environments (Horikoshi, 1991 ; Jones etal., 1994) . The diverse bacteria related to an alkaliphilic B. circzllans strain described by Chislett & Kushner (1961) . This organism (strain RU 38) was later classified in a newly established alkaliphilic taxon, Bacillzls cohnii (Spanka & Fritze, 1993) . Some indication of the diversity within alkaliphilic Bacillzls strains was provided by Gordon & Hyde (1982) . They characterized 174 alkaliphilic Bacillzu strains of industrial importance after adaptation of the strains to neutral pH and allocated them to five physiologically defined groups. Four of these groups were sufficiently homogeneous to be retrieved in a later investigation with only a few compositional changes (Fritze e t al., 1990) . More recently, a strain of an alkaliphilic spore-forming organism (growth at pH 8-10 but not at pH 7) was described which was so peculiar in its properties that the authors established a new genus for it: Amphibacillus xylanzls (Niimura e t al., 1990) . Its lack of cytochromes, quinones or catalase and its ability to form spores under aerobic as well as anaerobic conditions clearly distinguished this organism from the genera Bacilh, Clostridizlm and Sporolactobacillzls. The aim of the present work was to classify, at the species level, a collection of industrially important alkaliphilic Bacillar strains. Previous studies (Nielsen e t al., 1994) had indicated that some of these bacteria were phylogenetically distinct from all validly described Bacillzls species with the exceptions of the two alkaliphilic species B. alcalophilt/s and B. cohnii.
METHODS
Bacterial strains and culture conditions. The bacterial strains used in this study are listed in Table 1 . The strains were stored as a working collection at 5 O C on Nutrient agar (Difco) slopes adjusted to pH 9 with 0.1 M NaHCO, or to pH 10 with 0.1 M NaHCO, and 0.1 M Na,CO, (sodium sesquicarbonate) and supplemented with 0.1 YO MnSO, and 0.1 % MgC1,.
Phenotypic tests. Phenotypic tests were performed using the methods of Gordon e t al. (1973) , with media adjusted to approximately pH 10 by the addition of 100 ml1-' of 1 M sodium sesquicarbonate buffer, except for the phenylalanine test, where 50 ml 1-1 was used (Fritze et al., 1990) . Tests were repeated where unclear or unexpected results were obtained. pH range for growth. Nutrient agar (1 litre) was adjusted to various pH values: pH 6.0 (adjusted by adding HCl), pH 7.0 (addition of 100 ml 1.0 M sodium phosphate buffer, pH 7.0), pH 8.0 (addition of 100 ml 1.0 M Na,HPOp), pH 9.0 (addition of 100 ml 1 M NaHCO,), pH 10.0 (addition of 100 ml 1 M sodium sesquicarbonate buffer, pH 10). The agar media and buffers were autoclaved separately. Agar plates were inoculated by streaking to give discrete colonies, and growth intensity was interpreted on a scale from 1-5 after 1 , 3 and 5 d. Coding for the numerical analysis is described in the footnote to Table 2 . Utilization of carbohydrates. An early stationary phase culture in Nutrient broth (Difco) was centrifuged, and the cells resuspended in an equal amount of resuspension buffer (2.19 g Na,HP04.2H,0, 0.75 g KH,PO,, 1 g NaC1, 0.05 g MgSO, . 7H,O in 250 ml distilled water). Resuspended culture (0.5 ml) was added to a soft agar held at 42 O C and composed of 4 ml each of two solutions. Solution 1 was KNO, (2 g), Na,HP04.2H,0 (2 g), NaCl (5 g), 100 ml 1 M sodium sesquicarbonate buffer (pH 10.0) and water to 500 ml. After autoclaving, 2 ml trace element solution [0.1 g ZnSO, . 7H,O, 0.03 g MnC1,.4H20, 0-3 g H,BO,, 0.2 g CoC1,.6H20, 0.01 g CuC1,. 2H,O, 0.02 g NiC1,. 6H,O and 0.03 g Na, Mo04 . 2H,O dissolved in 1 1 distilled water with 12.8 g titriplex I (Merck) and 0.1 g FeC1,. 4H,O added], 2 ml vitamin solution (0.2 mg biotin, 2.0 mg nicotinic acid, 1.0 mg thiamin, 1.0 mg 4-aminobenzoate, 0-5 mg pantothenate, 5.0 mg pyridoxamine, 2.0 mg cyanocobalamin, dissolved in 100 ml water) and 2.5 ml 2 % MgSO, . 7H,O were added. Solution 2 was agar (3 g) autoclaved in 500 ml distilled water. The API 50CH gallery (Biomkrieux) was inoculated with two drops of the culture using a Pasteur pipette. Growth on the various carbohydrates was examined after 2, 7 and 14 d as recommended by the manufacturer. Numerical analysis. The phenotypic data, except carbohydrate utilization results, were coded for numerical analysis as binary characters. Carbohydrate utilization data were excluded because some strains failed to grow in the test system, thus providing an incomplete data matrix. The pH range for growth was coded as described in the footnote to Table 2 and mol % G + C was coded by additive coding into six characters : > 34, > 36, > 38, > 40, > 42 and > 44 mol% G + C . Data were analysed using the NTSYS software package (Exeter Software). Similarity matrices were calculated using the Simple Matching (JSM) and Jaccard (S,) coefficients, and UPGMA dendrograms were drawn using the programs SIMEQUAL, and DRAWTREE of NTSYS.
Mol % G + C determination. Minipreparations of DNA were prepared from cell mass (2-3 inoculation loops) taken from agar plates. Cells were washed in 1 ml TES buffer (50 mM Tris, 5 mM EDTA, 2.5% sucrose, pH 8) and resuspended in 100 pl TES buffer. A further 390 p1 TES containing 20 mg lysozyme ml-' was added and the tubes incubated at 37 O C for at least 30 min. Lysis buffer (300 p1 2 mM EDTA, pH 8, containing 60% guanidinium thiocyanate and 12.5% SDS) was added followed by 250 pl7.5 M ammonium acetate. After mixing and chilling on ice for 10 min, the tubes were centrifuged for 15 min and the supernatant removed to a new 2 ml microfuge tube. The preparation was extracted with chloroform/isoamyl alcohol, precipitated with 2-propanol, washed with 70 YO ethanol, dried and resuspended in RNase buffer (Seldin & Dubnau, 1985) . The DNA was extracted with phenol and then with chloroform/ isoamyl alcohol, precipitated in ethanol, washed in 70 YO ethanol, dried and resuspended in water. An isolation typically yielded approximately 20 pg DNA and about 90% of the RNA was removed. Hydrolysis and dephosphorylation of the DNA was carried out as described by Mesbah e t al. (1989) . Nucleoside samples, 25 pl of 100 pg ml-', were separated by reverse-phase HPLC at 26 "C using 0.6 M NH,H,PO,/acetonitrile 80: 6 (v/v), pH 4.4, as solvent and a flow rate of 0.7 ml min-' (Tamaoka & Komagata, 1984) . The HPLC apparatus consisted of a high-pressure pump and UV detector (LKB 2150 and 2151). Separation was performed through a precolumn and an analytical column (Nucleosil 100-5C18 20 x 4 mm and 250 x 4 mm respectively; MELZ VDS, Berlin). UV absorption was detected and analysed by an integrator (CR-3A, Shimadzu).
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(Nytran N, Schleicher and Schuell) using the slot-blot system. Hybridizations were carried out overnight at 62 "C (Alexander & Priest, 3 989). Percentage reassociation was calculated from the radioactivity of the hybrids relative to homologous controls and with subtraction of unspecific background radiation occurring from non-homologous (salmon testis DNA)
hybridization (Seldin & Dubnau, 1985) .
RESULTS

Phenetic characterization
Our initial studies revealed that the alkaliphilic strains included in this study did not produce acid from glucose when examined using the classical test procedures (Gordon e t al., 1973) adapted for use at alkaline pH. Sugar fermentation tests were therefore excluded from the study. Moreover, some strains, notably those of cluster 3 and cluster 7 (B. cohniz), failed to grow or produce a reliable indication of carbon utilization in the modified API 50CH tests ; since these data were incomplete they were excluded from the numerical analysis. The numerical classification was therefore based on 47 characters including DNA base composition, which was coded as six binary characters as described in Methods. Most of these tests had previously been shown to be useful for classification of alkaliphilic Bacillw strains (Fritze e t al., 1990) .
Despite the relatively few tests, the 119 test strains were consistently allocated to 11 clusters in analyses using the Jaccard (at the 80 % similarity level) and simple matching (at the 90% similarity level) coefficients with average linkage (UPGMA) cluster analysis. The only differences between the two classifications were that strain PN-10 clustered with phenon 1 and strain PN-82 with phenon 10 in the S , dendrogram but both were recovered as singlemembered clusters by s , , analysis. Subsequent evaluation of these results by DNA hybridization revealed that the S , allocation was correct for strain PN-10 (DNA could not be prepared from strain PN-82) and therefore this classification is shown in Fig. 1 . Nine strains were recovered as single-membered clusters and two strains (PN-64 and PN-125) as a doublet. Biochemical and physiological characteristics of clusters 1-1 1 are shown in Table 2 .
Determination of carbohydrate utilization required development of a minimal medium. Ammonium was ineffective as a nitrogen source, probably because ammonia gas was released at the high pH, and therefore nitrate was used in a minimal medium (see Methods) at pH 10. The patterns of carbon source utilization are shown in Table 3 . Utilization of aesculin could not be detected because the substrate was unstable under the alkaline conditions. Eight carbohydrate substrates were catabolized by essentially all strains tested. These were : cellobiose, fructose, glucose, glycerol (with the exception of group 8a), maltose, mannitol, sucrose and trehalose. Conversely, no growth was obtained for any strains on the following substrates : adonitol, arbutin, L-arabitol, Dfucose, L-fucose, inulin, 5-ketogluconate, sorbose and Lxylose, The percentage distribution of positive characters for the taxa for the remaining 31 substrates are listed in Table 3 .
The clusters derived by phenotypic analysis were, with the exception of B. cohnii (phenon 7), which had been previously studied by Spanka & Fritze (1 993), evaluated by DNA hybridization. The same reference strains were P. NIELSEN, D. F R I T Z E a n d F. G. P R I E S T ....
Strains (PN-)
Identity I 9, 6, 7, 9, 10, 1 1 , used as in the previous rRNA sequence analysis study of these bacteria (Nielsen et al., 1994) . The rRNA study had indicated that clusters 4 and 8 may be heterogeneous and therefore two reference strains were chosen for each of these clusters (see Table 4 ). In general, the classifications based on phenetic analysis and DNA hybridization were consistent, although there were some discrepancies, as described below and in the descriptions of phena. and b in Tables 1, 2 and 3. DNA from only one of the single-membered clusters hybridized significantly with DNA from any of the reference strains (data not shown), supporting the recovery of these strains outside the 11 clusters in the numerical analysis. The exception was strain PN-57, which showed high binding to DNA from B. alcalophihs DSM 485T and was thus considered as a member of cluster 10. DNA from none of the reference strains hybridized significantly with DNA from any other reference strain, thus supporting the integrity of the 11 clusters. Clusters 4 and 8 were each shown to represent at least two DNA hybridization groups, which are consequently labelled a Growth at: 100  100  100  100  100  100  100  100  100  100  100  78 0 100 100 100 100 100 100 100 0 100 100 100 100 100 100 100 100 100 100 100 0 100 100 100 100 100 100 100 100 100 100 36 0 100 100 100 100 100 100 100 100 100 84 36 0 50 100 0 100 100 100 100 100 100 * Phena 4 and 8 split into two subclusters as indicated by DNA hybridization results. All other clusters (with the exception of cluster 7) are based on strains with > 65 YO homology to the reference strain.
t pH 'optimum' for growth coded as positive in ' > 8' indicates that growth at pH 8 was estimated to be greater than at pH 7 (all strains displayed this attribute) and ' > 9 ' indicates growth at p H 9 greater than at pH 8. '10' and ' > 10' indicate that growth at pH 10 was greater than at pH 8 and p H 9 respectively.
For pH 7, a positive record indicates growth at neutrality. A dash indicates no data available for that entry.
soils from northern Europe, formed a discrete cluster at 82 % 3,. Eighteen of these strain3 showed > 65 % DNA hybridization with strain PN-3 whereas four strains hybridized to a lesser extent with the reference strain (see Table 4 ). The characteristics of these bacteria are shown in Tables 2 and 3 . They were particularly notable for their high NaCl tolerance and ability to deaminate phenylalanine. The morphology of the reference strain showed typical oval endospores in a non-swollen sporangium (Fig. 2a) .
Phenon 2. These six bacteria, like those of phenon 3, were obtained from soil or mud samples and had a similar requirement for sodium ions and pH. The mean DNA base composition of these bacteria was lower than that for strains of phenon 3 (39.3 mol% G + C compared with 42.6 mol%; see Table 4 ). Four of these strains formed a distinct group based on phenotype and DNA hybridization (> 73 % DNA reassociation), but DNA could not be isolated from the other two strains, PN-127 and PN-129. The reference strain produced oval spores which clearly distend the sporangium (Fig. 2b) . These bacteria can be distinguished by their ability to hydrolyse cellulose and xylan effectively (H. Outtrup, personal communication) .
Phenon 3. The three strains in this taxon, all isolated from soil or mud samples, formed a tight cluster at 92% S , .
DNA from the three strains showed a high degree of reassociation and close similarity in mol% G + C composition ( Taxonomy of alkaliphiles PN-3 PN-105 PN-102 PN-1 PN-26 PN-30 PN-23 PN-118 PN-121 PN- t Strains within clusters are given in Table 1 . Strains with more than 65 % sequence homology to the reference strain have been grouped and the mean hybridization value is given. Asterisks show the reactions of the reference strain of the cluster and this strain is included in the group value.
$ Although strain PN-57 was recovered as a single-membered cluster in Fig. 1 it was included here as a member of cluster 10. § These data for single-membered clusters represent a single strain but are typical of the data for all the single-membered clusters shown in Table 1 .
logical studies (data not shown) revealed that these bacteria and those of phenon 2 were unique among all the taxa studied in being unable to grow in the absence of sodium ions. They were also unable to grow at pH 7 and showed an optimum for growth at pH 10. A distinctive feature of these bacteria was their inability to hydrolyse Taxonomy of alkaliphiles starch. The reference strain produced oval endospores in a clearly swollen sporangium (Fig. 2c) . Phenon 4. This heterogeneous cluster comprised strains allocated to two DNA hybridization groups as well as a single strain which was excluded from these groups ( Table 4 ). The three group 4a strains were largely from soil while the five group 4b strains originated from animal manures. Reference strains from both taxa produced oval endospores which did not swell the sporangia (Fig. 2d, e) . The physiological tests and the carbon utilization tests distinguished these taxa but there were no definitive features. Group 4a strains were less temperature tolerant than those of 4b. Utilization of amygdalin, gentiobiose and mannose also provided some distinction between these groups. DNA analysis showed that group 4a strains were slightly lower in G + C content (384-38.8 mol YO)
than group 4b strains (39.2-39-7 mol YO).
Phenon 5. The strains in this phenon formed a homogeneous cluster at 90% S , which was supported by the DNA hybridization studies, with only five of the 21 strains showing less than 65% reassociation to the reference strain. ' Bacilltlx alcalophiltlx subsp. halodtlrans ' DSM 497 was included in this cluster and therefore its name is used for this group. The slightly swollen sporangia containing oval endospores are shown in Fig.  2(f) . The organisms largely originated from animal manure and chicken yard soils and were distinctive in their ability to grow at 55 OC. In spite of the subspecific name halodtlrans, these bacteria had only moderate tolerance to NaCl (around 12%) in comparison to other groups. However, the name is to be construed in the context of B. alcalophiltls, which has much lower tolerance to NaCl (Boyer c t al., 1973) . Phenon 6. Of the nine strains in phenon 6, three showed less than 65% DNA hybridization with the reference strain and only one less than 60 YO. The long rods typical of the reference strain are shown in Fig. 2 (g). These strains had the highest G + C content of all the organisms included in the study (43.7 mol YO). They reduced nitrate, were unable to hydrolyse Tween or pullulan, and were iairly sensitive to NaC1. Phenon 7. This phenon was identified as B. cohnii and included several strains from the Wadi Natrun in Egypt and from Mono Lake (California). These strains were excluded from the DNA study because they have been characterized previously (Spanka & Fritze, 1993) . Our results confirm the conclusions of the earlier study and emphasize the relatively weak NaCl tolerance of these bacteria. Phenon 8. The low level at which phenon 8 was defined in the Sj/UPGMA analysis was highlighted by the DNA hybridization study, which revealed two groups of strains and two further strains which were unrelated to these groups but could be related to each other (they share the same base composition; see Table 4 ). Group 8a (two strains) could be distinguished from group 8b (four strains) by consistent differences in base composition of DNA and the sensitivity of the former strains to 5%
NaCl. Moreover, strains of group 8a, in contrast to most strains of group 8b, failed to hydrolyse Tween 40 and 60 and to grow on glycerol. There were differences in carbohydrate utilization patterns between strains of groups 8a and 8b, particularly with regard to amygdalin and N-acetylglucosamine utilization. Morphologically, the reference strains of the two groups were similar but not identical (Fig. 2h, i) .
Phenon 9. One of the five phenon 9 strains was unrelated to the reference strain by DNA hybridization and had a slightly higher DNA base composition than other members of the cluster (Table 4) . These bacteria failed to grow at pH 7 or above pH 10 and at temperatures above 40 "C. They were tolerant to moderate concentrations of NaCl (10%). The reference strain produced oval endospores in a slightly swollen sporangium (Fig. 2j) .
Phenon 10. This phenon comprised six strains, of which four showed > 74 % DNA reassociation to B. alcalophiltls DSM 485T, one showed only 57% and the sixth did not yield high-quality DNA. The strains in this group showed very similar physiological properties to those of phenon 9 but were less salt tolerant (growth up to 8% NaCl) and had a slightly lower G + C content. Typical morphology of these cells is shown in Fig. 2(k) .
Phenon 11. The six strains in phenon 11 were notable for their homogeneous base composition (41.1 mol YO G + C), with only one strain showing less than 65% DNA hybridization to the reference strain. Phenotypically, they were characterized by lack of starch and pullulan hydrolysis, relatively low tolerance to NaCl and inability to grow at 40 OC or above. The distinctive short fat cells of the reference strain containing oval endospores are shown in Fig. 2 (1).
Single-membered clusters. Nine strains were recovered in single-membered clusters and two in a doublet in the S,/UPGMA analysis. To determine if these bacteria were foci of new clusters or aberrant members of extant clusters, DNA was prepared and hybridized to the DNA from the reference strains of the 11 clusters. Except for strain PN-57, which was allocated to the DNA hybridization group of phenon 10, there was no significant hybridization of the DNA from the single-membered clusters to any of the reference DNAs. This confirmed that the majority of these bacteria did not belong to any of the clusters shown in Fig. 1 (data not shown) . Moreover, the possibility that these bacteria may be related to each other but failed to cluster in the phenogram was excluded by preparing partial 16s rRNA sequences and analysing them in the context of the full sequences for the reference strains (Nielsen et al., 1994) . All of the partial sequences were recovered independently in the phylogenetic tree (data not shown), confirming that they were indeed foci of new species for which we had only single representatives.
DISCUSSION
When faced with a heterogeneous collection of bacteria, the construction of a basic taxonomic framework from which detailed studies of species can be initiated is sometimes a daunting task. Numerical phenetics has become established as a rapid and reliable procedure for generating this initial database in most instances. For example, numerical analysis of Streptomyes established the framework for future taxonomic studies of species within this genus (Williams et al., 1983 ) and a recent numerical analysis of the thermophilic Bacillm strains (White et al., 1993) established species which were subsequently evaluated by DNA reassociation and independently by comparative rRNA sequence analysis (Rainey et al., 1994) . This current assessment of the diversity of the alkaliphilic Bacillm strains confirms numerical phenetics as an ideal approach for gauging the species diversity within a group of bacteria and indicating reference strains for molecular analyses since, with only a few exceptions, the phena defined by the S,/UPGMA analysis were fully substantiated by DNA reassociation and rRNA sequencing (Nielsen et al., 1994) .
When using numerical phenetics in this way, it is a benefit if a minimum of tests can be used and, wherever possible, these can be based on test kits or automated systems. We have confirmed previous numerical analyses (e.g. Priest e t al., 1981) which showed that accurate clustering can be detected with fewer than 50 characters, the only problem being that with this reduced database some taxa are not separated. Thus in the above-mentioned study, B. amyloliqm$aciens could not be distinguished from B. stlbtilis and individual B. sphaericus DNA hybridization groups were indistinguishable. Similarly, in this study, clusters 4 and 8 were shown to be heterogeneous by DNA hybridization. Such lack of resolution is to be expected from such a small number of tests (Sneath & Sokal, 1973) and it is likely that with more characters these taxa would have been separated.
API test systems have been used successfully for the classification and identification of Bacillm strains (Logan & Berkeley, 1984) . However, some alkaliphilic Bacilhs strains, notably those from clusters 2 and 7, were unable to produce a detectable reaction in the API tests even though the system had been modified for use at high pH. Given the problems of conducting physiological tests at extremes of pH, this was not surprising and illustrates the difficulties involved. For these reasons, in some previous taxonomic studies of these bacteria, the organisms were first 'adapted' to growth at pH 7 and all tests were performed at neutrality (Gordon & Hyde, 1982) . However, this is an artificial answer to the problem and may lead to erroneous physiological reactions.
The numerical analysis was evaluated by determination of the DNA base composition of all the strains in the study and extensive DNA hybridization reactions. In addition to revealing the heterogeneity of clusters 4 and 8, the DNA reassociation reactions also showed that most clusters contained strains which were genomically unrelated, but in all cases these were a minority of strains.
We defined DNA hybridization groups at 65 YO, which is 5 % below the currently accepted guideline used in the species definition (Wayne e t al., 1987) , but given the error rates of around 10% (standard deviation) for our determinations using an immobilized assay, we consider this acceptable. Indeed, this limit was shown to be appropriate by plotting percentage DNA/DNA reassociation against phenetic similarity determined by S, for 230 pairs of strains (Fig. 3) . Although similar results have been presented previously (Staley & Colwell, 1973) they have not been based on so many determinations and do not show so clearly the cut-off of 'species pairs' at a little above 60% DNA hydridization and greater, with most non-homologous pairs showing less than 40 YO binding. This provides good evidence for the discontinuous spread of DNA hybridization values among these bacterial species and for the use of DNA hybridization for speciation. However, exact definition of the level of DNA hybridization for the species boundary and the difficulties presented by subspecies remain problematic. Fig. 3 that pairs of bacterial strains which show > 65 YO DNA hybridization invariably show high phenotypic relatedness as judged by S , and that most strains which show low DNA relatedness present 25-60 YO phenetic similarity. However, some strains which were phenotypically similar were genomically unrelated. This is probably a result of the limited phenotypic database and reflects the problems associated with heterogeneous clusters. It would be interesting to repeat this exercise with a full numerical taxonomic database, in which case it is likely that these aberrant strains would be correctly placed.
It is clear from
It is also useful to compare the DNA hybridization data with the full 16s rRNA sequence similarities which are a variable feature for B. jrmzls senszl strict0 (Gordon e t al., 1973; Priest e t al., 1988) . They therefore represent a new species for which we recommend the name 'B.
psezldo jrmzls ' .
Strains in clusters 2 and 3 were phylogenetically removed from all other bacilli. The closest relatives were B. alcalophilzls DSM 485T and strains representing clusters 1, 4a, 4b, 5, 6, 9 and 11 of this study (Nielsen e t al., 1994) .
DNA hybridization confirmed that these clusters comprise separate taxa at the species level and they were unique in this study in requiring sodium ions for growth.
We suggest the names ' B . agaradhaerens ' and 'B. clarkii' for clusters 2 and 3 respectively. available from our previous study (Nielsen et al., 1994) . The data in Fig. 4 include only genomically unrelated strains since strains with high DNA hybridization should have virtually identical rRNA sequences. The scatter of points is similar to that obtained by Amann et al. (1992) for Fibrobacter strains and for Deszllfavibrio by Devereux e t al. (1990) , and shows that at below approximately 99% rRNA similarity DNA hybridization is below 50% and that strains with rRNA similarities at this level definitely represent distinct genospecies. In contrast to the previous studies, there was no indication that pairs of strains showing rRNA similarity below 94% show lower DNA hybridization than those with rRNA similarity between 94 and 99 YO. It has been suggested that these lower values could be equated with the generic boundary (Amann e t al., 1992) .
The phylogenetic positions of all 13 alkaliphilic genospecies which have been defined in this study have been reported by Nielsen e t al. (1994) . Strains which had been included in previous phenetic taxonomic studies were mainly recovered in phena 1, 4a, 4b, 5, 6, 7 and 10, with one new isolate each being assigned to phena 1 and 6 and two to phenon 10. All strains of phena 2,3,8a, 8b and 11 were provided by H. Outtrup (Novo Nordisk, Denmark), as were the four new isolates mentioned above, and only limited information from previous studies is available for these strains. Phenon 7 strains were identified as B. cohnii and related taxa (Spanka & Fritze, 1993) and are not further discussed ; other taxa are discussed separately below.
Phenon 1 (DNA hybridization group 1) contained strains which had previously been identified as B. firmzls (Gordon & Hyde, 1982) , although strain PN-77 was an exception since it had been classified originally as a B. firmzls-B. lentzls intermediate (Gordon & Hyde, 1982) . All of these strains, including PN-77, were classified as phenotypic group 1 by Fritze et al. (1 990) . These bacteria are phylogenetically unrelated to B. firmzls (Nielsen et al., 1994) and their mean DNA base composition is slightly lower than that for B. firmzls (39.6 mol YO against about 41 mol % ; Fahmy e t al., 1985; Fritze etal., 1990) . Moreover, unlike B.jrmtls, most of these bacteria are unable to grow at pH 7, are tolerant of very high levels of NaC1, and deaminate phenylalanine, Phenon 4 was divided into two hybridization groups but both contained strains which had previously been classified as B. lentzls type I (Gordon & Hyde 1982) or phenotypic group 4 (Fritze e t al., 1990) . These bacteria were unrelated to B. lentus phylogenetically (Nielsen e t al., 1994) and had a higher DNA base composition than B. lentzls strains (38-39 mol YO G + C versus 36 mol YO for the type strain of B. lentzls; Fahmy e t al., 1985) . Unlike B.
lentzls, these bacteria were proteolytic and grew in 10% NaCl; they cannot therefore be included in this species. Phenon 4 comprised two DNA hybridization groups and the reference strains were unrelated by 16s rRNA sequence analysis (Nielsen et al., 1994) . Although these molecular features clearly support two independent and separate taxa, the phenetic data are insufficient to provide diagnostic features at present. The only indications of differing phenotypic properties are the inability of group 4a strains to grow at 40 "C while 4b strains grow at 42 "C, and the slightly larger size of strain PN-1 (4a) cells. T o comply with the recommendations of the A d Hoc Committee on Reconciliation of Approaches to Bacterial Systematics (Wayne et al., 1987) , we refrain from naming these taxa until more strains have been isolated and further diagnostic features are available. The proposed reference strain for taxon 4a is PN-1 (= DSM 8714 = NCIMB 10291); that for 4b is PN-26 (= DSM 8717 = NCIMB 10288).
DNA hybridization group 5 comprised 16 strains, including ' B . alcalophilzls subsp. halodzlrans' (Boyer e t al. , 1973) . These strains were previously assigned to B. lentzls type I11 (Gordon & Hyde, 1982) and phenotypic group 4 (Fritze e t al., 1990) . Again, rRNA sequence unrelatedness (Nielsen e t al., 1994) and gross difference in mol % G + C (42.6 % for phenon 5 strains) exclude these bacteria from B. lentzls as well as B. alcalophilz4.r. We propose to revive the name halodwans, in the new combination ' B . halodzlrans', for these bacteria.
All strains of DNA hybridization group 6 were previously assigned to B. lenttls type I1 by Gordon & Hyde (1 982) and to phenotypic group 3 by Fritze e t al. (1990) . These bacteria are distinct from B. lentzls on the basis of their rRNA sequences (Nielsen e t al., 1994) , in DNA base composition (43.7 mol YO G + C), and in several phenotypic attributes such as casein hydrolysis, nitrate reduction and ability to grow at 50 "C, (all negative for B. lentzls and positive for DNA hybridization group 6). We therefore propose that these bacteria should be assigned to a new species, for which the name ' B . clatlsii' is recommended.
Two independent DNA hybridization groups were defined within phenon 8 strains. Again, the distinct positions of the reference strains according to rRNA sequence analysis underline the validity of these taxa. Although diagnostic phenotypic features are scarce, growth in 5 % NaCl and cell morphology (group 8a strains are considerably larger than 8b strains) consistently separate these groups and therefore we propose both as new species: ' B . balmapaltls' for taxon 8a strains and ' B . borikosbii ' for taxon 8b strains.
Clusters 9 and 10 were two further taxa which were difficult to separate phenotypically. Virtually all strains of both phena were recovered in their corresponding DNA hybridization groups and the reference strains had distinct positions according to rRNA sequence analysis. However, the higher NaCl tolerance of group 9 strains compared with those of group 10 and the distinctly swollen sporangia of the former strains provide two easily determined and definitive features for identification.
Group 10 strains represent the species B. alcalopbilm and the data presented here are used to provide an emended description of this previously monotypic species. We propose the name ' B . psetldalcalopbiltls' for group 9 strains in recognition of their close phenotypic and phylogenetic relationship with B. alcalophiltls.
Phenon 11 strains were well defined phenotypically, by DNA hybridization and by RNA sequence analysis (Nielsen et al., 1994) . Lack of starch and pullulan hydrolysis and low pH optimum and NaCl tolerance for growth are characteristic of these bacteria. The name ' B . gibsonii' is proposed for these organisms. (Vedder, 1934) This description is based on the strains of DNA hybridization group 10 of this study. Colonies are white, circular, smooth and shining, sometimes with a darker centre. Cells are rod-shaped (0-5-0.7 x 3.0-5.0 pm), producing ellipsoidal endospores (0.5-0.7 x 0.9-1 *3 pm) which are located subterminally and do not swell the sporangium. Strains of this species hydrolyse casein, gelatin, pullulan, starch, Tween 40 and Tween 60. They do not hydrolyse hippurate, MUG or Tween 20 (strain PN-138 is weakly positive). Nitrate is not reduced to nitrite (strain PN-101 is an exception) and strains do not deaminate phenylalanine. No growth is observed at pH 7.0; the optimum is about pH 10 (pH 9.0 for strain PN-57). The temperature range for growth is 10-40 "C. There is a variable reaction to NaC1: the type strain and strain PN-57 are sensitive to 5 % NaCl but other strains tolerate 8 YO NaCl. Carbon source utilization profiles showed that strains use L-arabinose, melibiose and rhamnose for growth. The chromosomal DNA base composition is 36.2-38.4 mol YO G + C.
NOMENCLATURE Emended description of Bacillus alcalophilus
Source : soil and faeces.
Type strain: DSM 485.
Description of Bacillus agaradhaerens sp. nov.
B a d t l s agaradbaerens (a. gar. ad'hae. rens) sp. nov. Malayan n. agar gelling polysaccharide from brown algae; L adj. adbaerens adherent; ML adj. agaradbaerens adhering to the agar which is characteristic of these colonies.
This description is taken from this paper for DNA hybridization group 2 and unpublished results of H. Outtrup. Colonies are white and rhizoid with a filamentous margin. Cells are rod-shaped (0-5-0-6 x 2-5 pm) and produce ellipsoidal spores (0.6-1 -0 x 1-0-1 -6 pm) subterminally positioned within a sporangium, which is clearly swollen. Strains of this species are characterized by hydrolysis of Tween 40 and 60 (PN-105 is negative for the former) casein, gelatin, starch, cellulose and xylan. Hippurate, MUG and Tween 20 are not hydrolysed and phenylalanine is not deaminated. Nitrate is reduced to nitrite. Strains of this species are strictly alkaliphilic : no growth is observed at pH 7.0 and optimal growth is observed at pH 10.0 or above. Growth occurs within a temperature range of 10-45 OC. Tolerance to 16 % NaCl is observed (strain PN-107 grows only weakly at this NaCl concentration). Carbohydrate utilization profiles show growth on L-arabinose, galactose, mannose, Nacetylglucosamine or 2-ketogluconate and most strains grow on tagatose but no growth on methyl P-D-xyloside, inositol or xylitol is observed. The chromosomal DNA composition is between 39.3 and 39.5 mol YO G + C.
Type strain of this species is PN-105 (= DSM 8721).
Description of Bacillus clarkii sp. nov.
Bacilltls clarkii (c1ar'ki.i) sp. nov. ML gen. n. clarkii from Clark, named after the American bacteriologist Francis E. Clark, who made pioneering studies on the taxonomy of endospore-forming bacteria.
This description is taken from the current study based on strains of DNA hybridization group 3. Colonies are circular with an entire margin and a smooth surface and a cream-white to pale yellow colour (strain PN-104 eventually changes to a dark yellow colour, probably due to synthesis of an excreted pigment). Cells are rod-shaped (0.6-0.7 x 2.0-5-0 pm) and produce ellipsoidal spores (0.6-1.0 x 0.7-1.2 pm) located subterminally. In the type strain, the sporangium is distinctly swollen by the spore. The description given below is taken from this study for DNA hybridization group 6 strains. Colonies are white and filamentous with a filamentous margin. Cells are rodshaped (0-5-0.7 x 2.0-4-0 pm), producing spores which are ellipsoidal (0.4-0-6 x 0.7-1.0 pm) and located subterminally to paracentrally in the sporangium, which may be slightly swollen. Cells tend to occur in long chains which may carry spores. The strains in this species are characterized by hydrolysis of casein, gelatin and starch, but not pullulan, Tween 20,40 or 60 or MUG. Nitrate is reduced but phenylalanine is not deaminated. The pH optimum is about 8, and good growth is obtained at pH 7.0. Growth at temperatures from 15 to 50 "C is observed, with salt tolerance up to about 10% NaCl The description is taken from the current study for strains of DNA hybridization group 11. Colonies are yellow and circular with an entire margin and a smooth, shiny surface. Cells are usually stout rods (0-6-1.0 x 2-0-3-0 pm) with ellipsoidal spores (0-6-1-0 x 0.8-1-6 pm) situated subterminally and in ageing cells paracentrally to sometimes lateral. Spores do not cause swelling of the sporangium. Strains of this species hydrolyse casein, gelatin and MUG. Some strains, but not the type strain, hydrolyse Tween 40 and 60. No hydrolysis of starch or pullulan is observed, phenylalanine is not deaminated and reduction of nitrate is variable among strains. Growth occurs at pH 7.0, with an optimum at about pH 8-0. Strains grow in the temperature range from 10 to 37 "C, with the type strain failing to grow at 37 "C. All strains tolerate up to 9 % NaC1, while strain PN-111 grows at 12 % NaCl. Carbohydrate utilization pattern shows growth on lactose, but not on glycogen or Nacetylglucosamine. The chromosomal DNA composition is between 40-6 and 41.7 mol % G + C.
Type strain of this species is PN-109 (= DSM 8722).
Description of Bacillus halmapalus sp. nov.
Bacilh halmapalzrs (hal.ma'pa.lus) sp. nov. Gr. n. halme, brine; Gr. adj. hapalos, delicate; ML adj. halmapalzls, sensitive to brine. This description is taken from this study based on strains of cluster 8a. Colonies are small, circular with an entire margin, shiny surface and a cream-white colour. Cells are rod shaped (0.6-1-0 x 3-0-4.0 pm) with ellipsoidal spores (0.6-0-8 x 0.9-1.5 pm) located subterminally to paracentrally not swelling the young sporangium. The two strains in this species hydrolyse casein, gelatin, hippurate, pullulan and starch. They do not hydrolyse Tween 20, 40 and 60 or MUG. They grow at pH 7.0, with an optimum at about pH 8.0. Growth is observed between 10 and 40 "C. Salt tolerance is very low, with no growth in the presence of 5 % NaC1. Carbohydrate utilization profiles show no growth on glycerol, ribose, D-xylose, L-arabinose, galactose, rhamnose, sorbitol, lactose, melibiose, melizitose, D-rafinose or D-tagatose. The chromosomal DNA composition is 38.6 mol% G + C for the two currently characterized strains.
Type strain of this species is PN-118 (= DSM 8723). This description is taken from this study for strains of DNA hybridization group 5 and Fritze e t al. (1990) and corresponds largely with the original description. Colonies are white and circular with a slightly filamentous margin. Cells are rod-shaped (0-5-0.6 x 3.0-4.0 pm) and produce spores which are ellipsoidal (0.5-0-6 x 0-8-1-2 pm) and located subterminally in the sporangium, which is slightly swollen. Cells tend to occur in long chains frequently bearing spores. Hydrolysis of Tween 40 and 60, casein, gelatin, starch and pullulan is obtained. Most strains do not hydrolyse Tween 20 (strains PN-62 and PN-80 positive) or hippurate (strain PN-31 positive), and do not reduce nitrate (strains PN-31 and PN-42 positive). MUG is not hydrolysed and phenylalanine is not deaminated. Most strains grow at pH 7.0 (strains PN-31 and PN-42 do not) but optimal growth is obtained around pH 9-10. Growth temperature range is 15-55 "C. Strains show moderate halotolerance ; good growth is obtained up to 12 YO NaC1. Carbohydrate utilization pattern shows growth on L-arabinose, galactose, xylitol, inositol, mannose, N-acetylglucosamine or 2-ketogluconate, but not with dulcitol, sorbitol, methyl a-D-mannoside or D-tagatose. The chromosomal DNA composition is between 42-1 and 43.9 mol YO G + C. This description is taken from this study for strains of DNA hybridization group 1. Colonies are yellow and round with irregular margins. Cells are rod-shaped (0.6-0-8 x 3.0-6-0 pm), producing spores which are oval (0-5-0-7 x 0.5-1-2 pm) and located centrally to subterminally without swelling the sporangium. Bacillzls horikoshii (h0.ri.ko'shi.i) sp. nov. ML gen. n. borikoshii of Horikoshi; named after the Japanese microbiologist Koki Horikoshi, who has made fundamental contributions to the study of alkaliphilic bacteria.
Description of
This description is taken from this study based on strains of DNA hybridization group 8b. Colonies are small, circular with an entire margin, shiny surface and a creamwhite colour. Cells are rod-shaped (0-6-0-7 x 2 . 0 4 0 pm) with ellipsoidal spores (0.5-0-7 x 0-7-1.2 pm) located subterminally in a sporangium which may be slightly swollen. Strains of this species hydrolyse casein, hippurate, gelatin, pullulan and starch. Three of the four strains hydrolyse Tween 40 and 60. Growth is observed at pH 7.0, with an optimum at about pH 8.0. Strains grow between 10 and 40 "C. Salt tolerance is moderate, with a maximum at 8-9 YO NaCl. Strains do not hydrolyse MUG Bacillzls pseudalcalophilus (pseu. dal.ca. lo'phi. lus) sp. nov. Gr. adj. psezldes false; specific epithet alcalophilzls; ML adj. psezldalcalophilzls, false alcalophilzls because it is phenotypically closely related to B. alcalophilzls but phylogenetically distinct.
The description is taken from this study for strains of DNA hybridization group 9. Colonies are white and circular with an undulate margin. Cells are rod shaped (0.5-0-6 x 2-0-4.0 pm) and produce ellipsoidal spores (0.5-0.7 x 0.8-1.3 pm) which swell the sporangium and are situated paracentrally to subterminally. Strains of this species hydrolyse casein, gelatin, starch and pullulan, but hippurate, MUG and Tween 20 are not hydrolysed. Phenylalanine is not deaminated and nitrate is not reduced. No growth is obtained at pH7.0 and the optimum is about pH 10.0. All strains grow from 10-40 "C. Strains tolerate up to 10 YO NaC1. Carbohydrate utilization profiles show growth on L-arabinose or galactose, with some strains able to grow on tagatose or 2-ketogluconate. No growth is observed on inositol, xylitol, dulcitol, sorbitol, methyl a-D-mannoside, Nacetylglucosamine or mannose. The chromosomal DNA composition is between 38.2 and 39.0 mol YO G + C.
Source : soil samples.
Type strain of this species is PN-137 (= DSM 8725).
